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ARSR-2 
As air traffic continues to grow in density, com- 
plexity, and speed, the Federal Aviation Agency is 
tightening up its traffic control system as fast as 
funding and the state of the electronic art will allow. 
To supplement the 32 Raytheon ARSR-1A systems 
now in use throughout the country, the FAA has 
recently ordered from Raytheon 18 ARSR-2 systems, 
which incorporate several significant advances over 
previous air route surveillance radars. 

The ARSR’s are used primarily for enroute sur- 
veillance of airplanes, since other FAA radars, known 
as ASR’s (airport surveillance radars) are responsi- 
ble for monitoring aircraft approaching or leaving an 
airport. 

The first ARSR-2 will be installed in the summer of 
1961. When all 18 are added to the existing ARSR- 
1A’s, the tightened network will provide practically 
continuous radar surveillance along the nation’s 
major airways (see Figure 1). Each ARSR-2 system 
will provide a range of almost 200 nautical miles on a 
small jet airplane, such as a T-33, and will cover an 
area of over 150,000 square statute miles. 

The ARSR-2 is a modification of the ARSR-1A, 
which was the first production radar to exploit the 
high-power capabilities of the Raytheon Amplitron 
tube. The significant advances r ithe ARSR-2 
are the addition of a pg pamplifier for 
longer range, a 2@ bge antenna for 


improvedeshat i ratio, and a new 
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Figure 1. 


staggered repetition period MTI (moving target indi- 
eator) for eliminating moving target blind speeds. 


General Description 


The ARSR-2 is a 5-megawatt, dual-channel, L-band 
system. All major units of the system except the 
antenna are duplicated to provide the reliability es- 
sential for continuous operation. Provisions also are 
incorporated to enable complete maintenance and 
testing of the standby channel while the operating 
channel is in use. An automatic performance monitor 
is built into the system to signal the operator if per- 
formance falls below preset limits. If a malfunction 
should occur in the operating channel, the operator 
at the master console can select the standby channel 
and have it ‘‘on the air’’ in less than 15 seconds. The 
FAA reports that operational availability of the 
ARSR-1A equipments is 99.5 per cent. It is antici- 
pated that the reliability of the ARSR-2 will be at 
least as good. 

A major problem which arises as the performance 
of radar systems is increased is the detection of un- 
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This map shows the location of 32 ARSR-1A systems and 16 ARSR-2 systems. In addition to these systems, the 
Navy is utilizing two ARSR-1A's for missile range surveillance, and the FAA is planning to install ARSR-2's in Hawaii 
and Guam. There are also two ARSR-1A's located in Switzerland 
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desired targets. A radar system designed to detect 1 
T-33 at a range of almost 200 nautical miles will also 
detect many targets of no interest to the controller. 
The operator utilizes a PPI (plan-position indicator) 
to keep track of aircraft. Targets other than aircraft 
which appear on the PPI only detract from the use- 
fulness of the radar system. The problem of unwanted 
targets becomes more severe as the range performance 
of a radar system is increased. Examples of unwanted 
targets are signals reflected from the ground, rain, 
birds, and insects, as well as interference from nearby 
radars. The ARSR-2, for example, will detect sea- 
gulls out to 45 nautical miles. 


WILLIAM W. SHRADER is aStaff En- 
gineer in the Systems Section of the Surface 
Radar and Navigation Operations , Equipment 
Division. Prior to joining Raytheon in 1956, 
he was a group I r in the Physical Re- 
search Unit of the Boeing Airplane Company 
in Seattle, where he analyzed and determined 
criteria for bomber defense systems. At 
Raytheon, he was previously a systems engi- 
neer on the ARSR-1 radar system and project 
engineer on the Amplitron Kit for the ARSR- 
1A. Mr. Shrader received his B.S. degree in 
Electrical Engineering from the Unwersity 
of Massachusetts and has done post-graduate 
work at the University of Washington and 
Northeastern University. 
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A major portion of a high-performance radar is 
devoted entirely to the problem of eliminating un- 
wanted signals from the display while retaining de- 
sired targets. The new antenna used on the ARSR-2 
js an example of a radar system improvement in- 
corporated specifically to cope with this problem. The 
MTI system attenuates signals reflected from sta- 
tionary objects but permits moving targets to be 
displayed. The video integrator is used to enhance 
weak signals and to attenuate interference from other 
radar systems. Finally, the circular polarizer is pro- 
vided to attenuate signals reflected from rain. 

The sequence of PPI photographs in Figure 2 shows 
how some of the various clutter reducing techniques 
employed permit the use of the ARSR-2 under 
weather and ground-clutter conditions that would 
otherwise seriously impair the usefulness of a radar 
system. These pictures were taken on an ARSR-1A, 
during a severe thunderstorm. Since the camera 
shutter was left open for three revolutions of the 
radar antenna for each picture, desired aircraft tar- 
gets appear as three closely spaced dots. The sequence 
was taken over a twenty-minute period so that the 
aircraft targets moved considerably between pictures. 
The PPI radius represents 40 nautical miles. 

The first picture (Figure 2a) shows normal radar 
video with linear polarization. Most of the desired 
airplane targets are obscured by signals reflected from 
the storm. 

The second picture (Figure 2b) shows the effect of 

circular polarization. The signal intensity from the 
storm is greatly attenuated, but signals reflected by 
ground clutter, such as the mountains shown in the 
picture at 11 o’clock, 12 o’clock, and 4 o’clock, are 
essentially unaffected. 
, The third picture (Figure 2c) shows the use of the 
MTI receiver and circular polarization. Note that the 
mountains which showed in the second picture are 
now eliminated. In addition, all the ground clutter 
near the center of the picture is now eliminated, al- 
though some signal return from the storm is still 
evident. 

The fourth picture (Figure 2d) shows the addition 
of STC (sensitivity time control) to the operating 
conditions of Figure 2c. Aircraft targets are now 
visible over almost the entire display. 


MTI System 

The MTI system of the ARSR-2 incorporates a two- 
delay-line feedback canceller with pulse-to-pulse 
staggered repetition periods. The purpose of the MTI 
system is to filter out stationary targets while allowing 
moving targets to be displayed on the PPI.1 With an 


1(An excellent discussion of MTI systems appeared in ‘‘An 
Introduction to MTI System Design’’ by T. A. Weil in the 
May-June 1960 issue of ELECTRONIC PROGRESS.) 
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airplane flying over a mountain, the ARSR-2 Ml 
system rejects the signal from the mountain but alloy, 
the airplane signal to be displayed if the airplane 
signal is at least 1/500 as strong as the mountain 
signal. This capability of the MTI is known as SCy 
(subelutter visibility). The ARSR-2 has an SCV of 
27db. Because the SCV is finite, it is desired to haye 
as high as possible a ratio of target signal to ground. 
elutter signal. 

The response of an MTI system to a moving target 
depends on the component of the target’s velocity 
towards or away from the radar antenna. If the target 
is moving tangentially, it will not be displayed. If 
the target moves a multiple of one-half wavelength 
of the transmitted frequency nearer or farther from 
the radar system between pulses, it will not be seen 
by a fixed-repetition-period MTI. The radial target 
velocities corresponding to a movement of one-half 
wavelength between pulse are known as ‘‘blind 
speeds. ’’ Blind speeds for the ARSR-1A radar system 
occur at 80, 160, 240, . . . knots. By varying the 
interval between consecutive radar pulses, the number 
of blind speeds can be considerably reduced. The 
ARSR-2 utilizes three different pulse intervals in the 
ratio of 6 to 7 to 8. Blind speeds occur at 560 knots 
and multiples thereof. The velocity response curve of 
the MTI system of the ARSR-2 is shown in Figure 3. 

The feedback incorporated in the dual canceller 
permits adjusting the MTI response to slow-moving 
targets, and scan-modulated clutter. Figure 4 shows 
how varying the feedback affects the low-velocity re- 
sponse of the MTI system. The feedback is adjustable 
from the master console, and the operator can use it to 
optimize system response depending on the wind and 
antenna speed. 





Figure 5. 


Figure 6. 
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Video Integrator 


The ARSR-2 incorporates a delay-line video inte- 
grator for integrating normal video. The main ad- 
yantages of the video integrator are the elimination 
of random pulse interference and an enhancement of 
weak target signals. The video integrator does not 
render detectable targets that would otherwise not be 
detected, but it does improve the peak-signal to rms- 
noise ratio, making it easier for the operator to dis- 
tinguish between noise and targets on the PPI. Figure 
5 shows normal video with a larger amount of random 
pulse interference. Figure 6 taken immediately after 
Figure 5, shows the use of the video integrator. The 
random pulse interference is entirely eliminated. This 
feature is extremely useful when the ARSR-2 is being 
operated near other radar systems operating on simi- 
lar frequencies. It is also useful when friendly jam- 
ming missions are performed in the vicinity. 


Angels 


As mentioned above, small unwanted targets such 
as birds or insects plague the performance of a high- 
performance radar. These small targets, which are 
most noticeable in the MTI video, are often referred 
to as ‘‘angels’’, a name that was applied before the 
source of these signals was known. To a radar oper- 
ator, a seagull and an airplane often appear the same 
on the PPI, and radar operators would sometimes ask 
the pilot of an airplane flying towards what appeared 
as an ‘‘angel’’ on the PPI to identify the unknown 
target. The pilot, however, would be unable to see a 
large bird flying a mile below him, and would report 
back to the radar operator that there were no targets 
near him. Thus, the term angels developed. 





Figure 7. 
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Now that these unwanted targets have been identi- 
fied, it is possible to cope with them. Even though a 
bird and an airplane may appear the same on a PPI, 
the reflected signal from even a small jet airplane 
such as T-33 is over 200 times stronger than the re- 
flected signal from a seagull. It is thus possible to 
turn down the receiver gain at short ranges so that 
birds will not be seen, but desired targets will still be 
visible. This is done with STC (sensitivity time con- 
trol). The STC circuit, which varies receiver gain 
according to range, can be switched in at will by the 
operator. 

Figure 7 shows how birds can make a PPI presenta- 
tion almost useless. These pictures were taken in 
Oklahoma City. The range is 25 nautical miles. The 
birds were probably mostly crows, with a few hawks 
and buzzards. Although this looks like a great num- 
ber of birds, there is only about one target per square 
mile. Figure 8 taken immediately after Figure 7 
shows the use of a nominal amount of STC — the 
amount of STC calculated to remove a bird the size 
of a seagull or a crow from the display. 

On present radars which have conventional antenna 
patterns, the use of STC may solve one problem but 
create another — loss of desired targets at high eleva- 
tion angles. It will be shown below how the special 
antenna pattern of the ARSR-2 permits the use of 
STC without the loss of desired targets. 


Antenna 


In the discussion of the MTI system it was stated 
that it is desired to have as high a ratio of target- 
signal to ground-clutter-signal as possible. This state- 
ment can be generalized to include other types of 
clutter, such as unwanted weak targets. 





Figure 8. 
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Figure 9. 


Air route surveillance radars prior to the ARSR-2 
have used antennas with a cosecant-squared pattern. 
This pattern results in antenna gain (above about 6 
degrees elevation) being proportional to the square of 
the cosecant of the elevation angle. If the radar were 
used where there were no ground clutter signals and 
no undesired weak targets, this antenna pattern would 
be ideal, for it results in a constant strength signal 
return from an airplane flying at constant altitude, 
whether the airplane is 10 miles or 100 miles from the 
radar system. Unfortunately, however, clutter signals 
in the peak of the radar beam are much stronger at 
short ranges than at long ranges. Thus, with a co- 
secant-squared pattern and a target flying at constant 
altitude above 6 degrees elevation, the shorter the 





INVENTIONS 


Congratulations to the following persons for their 
valuable contribution to Raytheon’s portfolio of inven- 


tions: 

Name Field of Invention 

ee Variable Reactance Diode Modulator 

T. R. Boughnou ..AM or FM Sideband Cancellation Sys- 
tem 

J. B. Cline ...:.. Fabrication of Tunnel Diode 

x Be CE: eek Alloying Method 

J. C. Davis, Jr. .. Diode Rate Counters 


J. C. Davis, Jr. .. Electro-Optical Switch 
J. C. Davis, Jr. .. Meter Scale 


oe ee J-Finger Delay Line Termination 

W. T. Eriksen ... Avalanche Transistors 

I. Goldstein ..... Ferrite Modulator 

Ct | RPP Point-Contact Tunnel Diode 

W. J. Heinecke .. Surface Stabilization of Semiconduc- 
tor 

C. J. Kieffer ....AC Voltage Regulator 

L. F. Kilham ....ThermInductor 

A. C. Marchetti .. Transistor Voltage Alarm 

mm ee a se Semiconductor Micro-Plating 

J. M. Osepehuk ...M-Type Tubes Operating in a Cyclo- 
tron Mode and Utilizing Sorting 
and Slow-Wave Structures 

W. Rindner ..... Semiconductor Micro-Plating 


G. Rupprecht ....Point-Contact Tunnel Diode 
2. OC Fae. oi: Fused Contacts 


Se. ee AC Voltage Regulator 
7 Temple <..... Transistor Voltage Alarm 
R. T. Tuinila ....Mandrel for Pyrographite 


F. T. Wimberly .. Missile Seeker 
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Figure 10. 


range, the lower the target-signal to clutter-signal 
ratio. 

Since the use of STC and MTI both depend on 
maintaining an adequate target-signal to clutter-signal 
ratio, a special antena pattern was derived for the 
ARSR-2 to do this.? 

The new antenna has a beam shaped so that rela. 
tively little energy is transmitted toward the ground 
elutter, but just a few tenths of a degree above the 
ground there is almost peak transmitted energy. At 
high elevation angles, the ARSR-2 also transmits con- 
siderably more energy than a system with a conven- 
tional antenna. The considerable improvement thus 
gained in target strength relative to clutter strength 
gives the ARSR-2 considerably better coverage at high 
elevation angles than previous air route surveillance 
radars. Comparison under assumed strong clutter 
conditions shows the ARSR-2 will provide coverage 
up to an elevation angle of 32 degrees on a small jet 
airplane, whereas the ARSR-1A, under the same con- 
ditions, would provide coverage up to only 12 degrees. 
The ARSR-2 free-space coverage diagram is shown in 
Figure 9. 


Circular Polarization 

The controller at the master console can instantly 
switch from linear to circular polarization to reduce 
the radar signal from rain, thus making it possible to 
see targets which would otherwise be obscured on the 
PPI. When the circular polarizer is utilized, it auto- 
matically absorbs 99 per cent of the receiver energy re- 
flected from raindrops, but allows other received en- 
ergy to enter the receiver. Thus the signal received 
from rain is attenuated by 20 db before entering the 
receiver, but signals received from aircraft are essen- 
tially unattenuated. Usually, the use of STC will be 
sufficient to prevent the remaining rain signal from 


2 (See ‘‘ Antenna Considerations for Surveillance Radar Sys 
tems,’? by W. Shrader, Proceedings of the Seventh Annual 
East Coast Conference on Aeronautical and Navigational 








Electronics, October, 1960.) 
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being displayed on the PPI. A controller at Boston’s 
Logan International Airport has gone on record as 
saying that if the circular polarizer won’t eliminate 
the rain return, the rain is too heavy to fly an aircraft 
through. 


RF Portion 

The simplified block diagram shown in Figure 10 
indicates the major RF portions of the ARSR-2. The 
magnetron peak power output is 500 kilowatts, and 
the Amplitron peak power output is 5 megawatts. The 
circulator and isolator each have slightly less than 
1 db insertion loss. Peak power at the antenna is about 
4 megawatts. The system incorporates a non-degen- 
erate, varactor parametric amplifier and the system 
noise figure, measured from the circulator output to 
the IF amplifier output, is 3.5 db. 


Master Console and Video Mapper 

The master console, shown in Figure 11, has a 16- 
inch CRT, an electronic cursor with bearing and 
range counters, complete controls for operation of the 
transmitter-receiver equipment, and panel lights to 
indicate any deterioration in the selected channel’s 
performance. 





Figure 11. 


Each console, whether master or auxiliary, has 
controls for setting the range at which MTI video 
ceases and normal or integrated-normal video starts 
In addition, gain controls are available on all consoles 


to provide a normal video background for MTI video 
and to introduce as much map and beacon video data 
on the PPI as desired. 

The electronic video mapper is supplied in duplicate 
with each system. The map is displayed on the PPI 
with the radar video. If the operator changes the 
range setting or decenters the display, the map changes 
accordingly so as to maintain correct relationship with 
respect to the radar pattern. Another feature is an 
electronic cursor which enables the operator to de- 
termine range and bearing between any two points 
on the display. Because the cursor is electronically 
generated, the display can be decentered or the range 
changed without affecting accuracy. 
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ARSR-2 
DETAILED CHARACTERISTICS 


RECEIVER-INDICATOR 


Sh AN EA ata eae 16-inch PPI with P7 Phosphor 
Swecp Rotation 


Console 


eae ged Fixed coils and sweep resolver 


Sweep Ranges ........ 25 n. miles 
50 n. miles 
100 n. miles 


200 n. miles 


With one-radius 
off-centering on 
all ranges 
Types of 
Presentation ........ Normal Video 

Integrated Normal Video 

MTI Video 

Beacon or IFF Video 

Video Map 

Adjustable Combinations of 

the above 


aa aes on gia ae Electronic cursor with adjust- 
able origin, range, and bear- 
ing 

Rarars aati 3-pulse canceller with 3-period 
staggered repetition rate 
and feedback for velocity re- 
sponse shaping. Blind 
speeds at 0, 560, and 1120 
knots. 


I AGC, STC, FTC, and cireu- 
lar polarization 
.3.5 db 


Anti-Clutter Features 


System Noise Figure . 


TRANSMITTER 
Peak Transmitted 
ar eer es: 4 megawatts 


Pulse Repetition Rate 360 pulses per second average, 
3 periods staggered (stagger 
ratio is 6:7:8) 

. .2 microseconds 


1280 to 1350 megacycles 


Pulse Width ...... 
Frequency Range .... 
Source of RF 


am bale athe ae ae bee 5J26 tunable magnetron driv- 
ing QK653 Amplitron 
ANTENNA 
ME eos apcene co ee 34 db 


a ae Horizontal: 1.2° 
Vertical: 3.75°, 
shaped to 45° 


specially 


Antenna Rotation 
|” Sea 5 RPM 


S| Serer 46 feet by 23 feet 


Antenna Feed ........ Horn feed; with choice of 
horizontal-linear or circular 
polarization remotely con- 
trolled. 














Conclusion 


The ARSR-2 system offers increased transmitter 
power, an improved antenna system and advanced 
circuits for eliminating clutter and interference. 
These features will result in improved detection range 
and target visibility —a capability of growing im- 
portance in the jet age. Air traffic controllers will soon 
be keeping the nation’s airways under surveillance 
with the finest radars ever designed for this purpose. 
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Introduction 


Within the past decade, attempts to control thermo- 
nuclear fusion and the emphasis on space technology 
have increased the interest in plasma physics. Many 
scientists are thoroughly investigating the unique 
properties of plasmas, both theoretically and experi- 
mentally. Extensive research is under way to better 
understand the naturally occurring plasmas and the 
interaction of plasmas with electromagnetic waves; 
the direct conversion of solar and chemical 
into electrical energy ; 
diagnosties. 

A plasma can be described as a collection of ions, 
free electrons, and neutral atoms which may exist in 
solids as well as in gases. Because the electron and ion 
densities are usually extremely large in a plasma and 
the charges are 


energy 
and techniques for plasma 


relatively mobile, large potential gra- 
dients cannot exist unless very large plasma currents 
flow. Poisson’s equation indicates that because of the 
small electric field components, the net charge density 
is small. Thus, the electron and positive ion densities 
in the plasma are usually approximately equal to each 
other to within a small fraction of a percent. 


Ss 


h be illus- 
trated by a shor eal discharge 
through a gas or vapor in 4 cylindrical glass tube. An 
example is the discharge occurring in a neon light 
or a fluorescent light. In this case an axial electric 
field supplies energy to the plasma electrons at a rate 
proportional to the drift velocity of the electrons and 
to the electric field gradient. The plasma ions also 
gain energy from the field, but at a much lower rate 
because of the much lower ion drift velocity. 

The electron-electron interactions cause the elec- 
trons to approximate a Maxwell-Boltzmann distribu- 
tion function which describes the distribution of 
energy among the electrons. The high-energy elec- 


ie processes in a plasm 


SOL AISENBERG is a Staff Member in 
the Research Division. Since joining Raytheon 
in 1956, he has done research in paramagnetic 
resonance, paramagnetic relaxation, Masers, 
and photoemissive solar energy converters. At 
present, he is investigating plasmas and asso- 
ciated problems. From 1951 to 1956 he was a 
research assistant in the Physics Department 
and the Research Laboratory for Electronics at 
M.1.T. While at M.1.T., Dr. Aisenberg 

research in physical electronics, including low 
pressure plasmas and the theo & probe 
analysis of plasma_properties. received 
his B.S. degree in Physics from Beclien Col- 
lege and earned his Ph.D. in Physics from 

ALT. in 1957. 
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ions of the distribution ionize the gas atoms and also 
roduce excited atoms which give off radiation as they 
fop down to lower energy levels. 

“The positive column of the plasma has certain 
mique properties. Because the plasma electrons are 
hore energetic than the ions the electron random 
felocity is much larger than the ion random velocity. 
Thus, the random electron current to the boundary is 
much larger than the random ion current, and the 
msulating boundary acquires a negative potential 
telative to the plasma. The ions tend to remain be- 
hind so that the plasma acquires a slight net positive 
ge. This positively charged plasma is often re- 
ferred to as the plasma positive column. The nega- 
five potential of the boundary repels some of the 
lo er energy electrons and also increases the flow of 
sitive ions until the electron and ion current flow 
are equal. When this happens the boundary has 
reached its floating potential, and a radial potential 
gradient and a radial density gradient are set up in 
ihe plasma. In the plasma sheath (the transition 
fegion between the plasma and the boundary), the 


Mlectron density is much less than the ion density, 
‘and the potential gradients are large. 


The flow of ions and electrons (in the range where 
the mean free path is small compared to the tube size) 


"ean be described by mobility and diffusion processes. 
‘Mobility flow corresponds to an average drift ve- 


locity component due to an electron potential gradi- 
ent, while diffusion flow corresponds to a drift veloc- 
ity component due to a density gradient. The flow 
equations are nonlinear, but with the appropriate 
approximation a set of linear ambipolar flow equa- 
tions can be obtained. Many other processes occur in 
the discharge tube. The items described here, how- 
ever, are the most significant and should give a feeling 
for some of the physics involved. 


History of Plasma Research 


Much of the early important progress in plasma 
physies was due to the work of Langmuir and his col- 
leagues who investigated, among other topics, the 
problems of the plasma positive column, the plasma 
sheath, and probe measurements of plasma properties. 
For example, Langmuir showed that correct analysis 
of the retarding potential plots of a p»ohe in a plasma 
could be used to deduce much informauvn about the 
properties of the plasma. The early research featured 
the theoretical study of solutions of the Boltzmann 
transport equation, and studies of the are discharge, 
the glow discharge, and high voltage DC breakdown. 
The Boltzmann transport equation is one of the most 
important concepts in plasma physics since it de- 
scribes the motion of electrons in configuration and 
velocity space. The Boltzmann equation is a non- 
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linear, integral-differential equation which has been 
solved only in approximate forms. Its solutions can, 
in principle, describe the motion of electrons as a 
result of potential gradients, density gradients, and 
temperature gradients. The high-energy tail of the 
electron distribution function can be used to com- 
pute ionization and excitation of atoms in the plasma. 
Langmuir and Tonks (and others) also investigated 
the problem of plasma oscillation and, in particular, 
the effect on the conversion of directed electron energy 
into random electron energy. Apparently, plasma 
oscillations may be a major factor in the production 
of the high-energy tail of the Boltzmann distribution 
function. 

From the work of Debye and Hiickel on ions in 
electrolytes, the important concept of the Debye 
length was introduced into plasmas. According to the 
Debye-Hiickel theory, the normal coulomb potential 
of a charge is modified by a shielding term which cor- 
responds to the tendency of thermal energy particles 
of the opposite charge to cluster in the vicinity of 
the original charge being shielded. The Debye length 
is a characteristic distance in the exponential shield- 
ing term and corresponds to the radial distance for 
the normal coulomb potential to be reduced by a fac- 
tor of e, the base of the natural logarithm. The con- 
cept of the Debye length is important for plasma phe- 
nomena near boundaries and also for the scattering 
of charged particles by other charged particles in a 
plasma. 

A considerable portion of the early work in plasmas 
was of a basic nature in the sense that the funda- 
mental parameters for collision, ionization, radiation, 
excitation, absorption, recombination, dissociation, 
and scattering processes were investigated both ex- 


' perimentally and theoretically. Surface interactions 


were also studied; in particular, secondary electron 
emission due to electron and ion bombardment. At- 
tention was also focused on the problem of ion and 
electron mobilities, diffusion coefficients, and ambi- 
polar diffusion. 

The need to understand the mercury arc reetifier, 
the thyratron, and gas discharge lamps was responsi- 
ble for some of the early scientific activity in plasmas. 
Astrophysical research involving theoretical study of 
the sun has lead to significant progress in plasma 
physics. For example, the Saha equation decribes, 
from a thermodynamic point of view, the thermal 
ionization of an extremely hot gas. Experimental 
work has involved the study of the high-pressure arc 
and the study of basic processes in the sun. Mathe- 
matical analysis of transport processes in gases by 
Chapman and Cowling was of great importance to 
plasma physies in general. Early work on the reflec- 
tion of radio waves from the ionized layers in the 
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earth’s atmosphere emphasized the interaction be- 
tween electromagnetic waves and plasmas. The cross 
modulation of radio waves in the ionosphere (the 
Luxemberg effect) was also observed and investi- 
gated. 


Present and Future Areas of 
Plasma Research 


The early research furnished the scientific basis for 
the explosive growth of activity and interest in plas- 
mas. To a large extent, the increased activity is due 
to the realization that plasmas are important from a 
practical aspect and may become even more impor- 
tant. Some of the recent work and potential areas of 
activity will be described in order to show the im- 
Viereenubteee Fusion Plasma Physics 

Probably the most important programs in develop- 
ment and research are in thermcnuclear fusion 
plasma physies. The problem in fusion research is 
to obtain a high-temperature (about 10°°K), high- 
density (10'* to 10'8/em*) hydrogen plasma for an 
adequate length of time (approximately 1 second) so 
that sufficient fusion can occur to result in a net 
energy gain. Because of the very high temperatures 
required, it is difficult to confine the plasma in order 
to prevent loss of the plasma energy and to prevent 
destruction of the vacuum container walls. Use of 
magnetic fields for plasma containment is an impor- 
tant part of the fusion program. Most types of fusion 
plasmas in magnetic fields, however, show strong 
instabilities which result in the loss of the desirable 
plama conditions. 

Heating of the plasma is sometimes accomplished 
by the ohmic effect of strong currents through the 
plasma. Unfortunately, this method results in heat- 
ing of the electrons, and the resulting radiation of 
energy by these high-velocity electrons is responsible 
for a prohibitively large energy loss. Another way of 
heating the plasma is by compression through an in- 
crease in the trapping magnetic field. This also re- 
sults in high-energy electrons. Since it is only the 
hydrogen ions that must have high relative velocity 
(to overcome the repulsive forces) and since the 
energy loss by the electrons is much more important 
than the loss by the ions, it appears preferable to 
feed the energy directly into the ions and to depend 
on the ‘‘ion energy-electron energy’’ transfer proc- 
esses to limit the electron energy and the resulting 
electron energy losses. Note that the presence of elec- 
trons is necessary in order neutralize the ion space 
charge, otherwise large potential gradients would 
result ; the problem is to keep the electron energy low. 

Normally the energy losses due to impurities also 
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are a serious problem. Impurities in a thermonuclear 
plasma are troublesome since the electron energy loss 
due to almost fully ionized impurities increases as Z? 
where Z is the atomic number of the impurity. If the 
electron energy is reduced, the loss due to impurity 
scattering of electrons will not be as important as it 
is in the hot electron plasma. 

One way of selectively obtaining high energy ions 
is to inject energetic ion beams into a magnetic mirror 
structure. The problem of ion injection is to prevent 
or minimize the reverse process of ion ejection. The 
loss of ions in spite of the confining magnetic field 
ean arise through diffusion across a magnetic field 


particle and the low energy ion are both able to pi 
out of the confining magnetic field. The possibili 
of electromagnetic containment of the plasma is. st 
being investigated. = 

A very attractive way of selectively heating the io 
in a confining magnetic field is to use ion cyclotron 
resonance so that the ions can gain considerable en- 
ergy from a intense RF field. The RF frequency 
should be high compared to the gas collision fre- 
quency so that, for reasonably dense plasmas, a high 
frequency RF field and very intense magnetic fields 
are required. If the ions can be made to move with 
varying phase, then the relative velocity of the ions 
will be large and a randomization of the ion energy 
will not be necessary. 

In addition to the major effort in fusion plasma 
physics, there is considerable effort being expended 
on other problems, many of which are related to the 
advent of the space age and the growing importance 
of electronics. These problems will be outlined in the 
following groups, although there are cases that over- 
lap and cases that could also be included in other 
groups. 


The Plasma LASER 


Recently, Bell Telephone Laboratories has demon- 
strated a working model of the Plasma LASER (Light 
Amplification by the Stimulated Emission of Radia- 
tion). The output of this device is extremely mono- 
chromatic and has a very narrow angular dispersion. 
The operation of the Plasma LASER (PLASER) is 
approximately as follows. 


erated by an RF discharge) produce numerous me- 
tastable states in a suitably chosen gas, which excite 
a second suitably chosen gas also present in the dis- 
charge plasma. The excited atoms drop back to the 
ground state through intermediate states, and if the 
lifetimes of the intermediate states have the proper 
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ear § values, a significant population inversion of these 
oss | states may occur. This population inversion corre- 
Z, | sponds to more atoms in a higher state than in a lower 


the | energy state. If the plasma discharge takes place in 
ity | atube whose end plates are extremely parallel, smooth, 
it | and highly reflective, the spacing of the end plates 
ean be adjusted so that the enclosure acts as an ex- 
ms | tremely high Q resonant structure at a frequency 
ror | corresponding to a population inversion. The light 
ent | bouncing back and forth through the discharge will 
"he | induce transitions between the inverted levels with 
eld | a resulting amplification of the light intensity. The 
eld discharge can be operated continuously so that the 
optical output can be an intense, narrow, continuous 

ym of very monochromatic optical energy. Some of 
} possible research problems connected with the 
sma LASER may involve: the selection of gases 
‘vapors to give better output: the coating of the 
eh: ve tube walls with. paraffin type compounds to 
e the loss of metastables and excited states at 

; and the addition of another gas component 
ms | 0 quench the lower energy states so as to enhance the 
‘on | population inversion. A major problem connected 
en. | With the utilization of the potentially large bandwidth 
1cy | for communication purposes involves the ‘wide-band 
re. | modulation and demodulation of the optical beam. 


















igh } The extension of the Plasma LASER principle to the - 


Jds | millimeter and submillimeter range offers some in- 
ith { teresting challenges. 


‘gy | Space Electronics and Associated Problems 


Many plasma physies problems are connected with 
ma » space electronics. Solar electrons that are trapped in 
led | the earth’s magnetic field result in the Van Allen 
the § layers of plasma around the earth. Atmosphere plas- 
nee } mas generated by hot re-entry objects and missiles 
the | produce problems connected with the preservation 
er- | of the re-entry object. There are accompanying prob- 
her | lems of telemetering through the re-entry plasma and 
of detecting the re-entry objects by means of their re- 
entry plasmas. Exhaust jets of rockets are plasmas 
because of their high temperatures; a problem here 
on- | 18 connected with the possibility of detecting rockets 
sht | by means of the plasma properties of the exhaust jets. 
ia. | Space systems using ion beam propulsion, plasma pro- 
no- } Pulsion, and exploding wire plasma propulsion, may 
on. | also have strong potentialities. 

is Shock tube research, in addition to producing and 
en-- | investigating hot plasmas, is directed to the study 
ne- | of plasmas associated with high velocity objects, such 
site | a8 space vehicles. The plasma are jet is a source of 
lis- 7 Very high temperature plasmas, and can also be used 
the } for testing high temperature materials. By means of 
the the RF plasma torch, where the gas is ionized by RF 
yer | induction fields, one can obtain extremely high tem- 
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peratures (temperatures of 20,000°K have been re- 
ported and temperatures of up to 100,000°K are ex- 
pected in the future). The plasma torch can be used 
for testing high temperature materials and has been 
used for growing single crystals. Single crystals with 
desirable properties may also be grown using ion 
beams and plasmas. By using plasmas one_mayumake 
high intensity, short duration, light@0urees. Plasmas 
may function as effieient ion sources for use in re- 
search on sputtering of space age materials. If the 
gaseous breakdown by strong RF and DC fields can 
be better understood, it will then be possible to con- 
trol and use these breakdown plasmas. More informa- 
tion about the plasma sheath associated with the re- 
entry object will be necessary in interstellar flight. 
The use of ball lightning will probaby be important 
after an improvement in the understanding, produc- 
tion, and control of this phenomena. 


Energy Conversion Using Plasmas 
The.prospect of using plasmas in very efficient and 
compact devices to convert solar energy or chemical 
energy into electrical energy has considerably in- 
creased activity in this area. Chemical energy may be 
directly converted into electrical energy using mag- 
netohydrodynamics; this involves the conversion of 
the momentum energy of an ionized gas into electrical 
current flow by means of magnetic fields. A very im- 
portant approach to the direet conversion of thermal 
energy into electrical energy involves the use of a 
cesium plasma diode. This method has promise of 
being reasonably successful in the near future. 


Interaction of Electromagnetic 
Waves with Plasmas 


Because of their strong interaction with electro- 


' magnetic waves, plasmas are an important factor in 


communications. The problems of electromagnetic 
propagation and absorption in plasmas are being 
studied. The growing waves present in plasmas are 
of particular interest since these have possibilities for 
microwave generation and amplification, especially 
in the millimeter and submillimeter ranges. Artificial 
high altitude plasmas may be generated and controlled 
by intense beams of microwave energy. Plasmas may 
be used as noise generators in the low frequency and 
microwave ranges. The plasma noise characteristics 
may also be used to effectively measure plasma tem- 
peratures and other discharge properties. 

The problems associated with plasma oscillation 
and radiation in the millimeter range are the excita- 
tion of plasma oscillations and the coupling of RF 
energy from the plasmas. Perhaps one can use 
normal sized cavities filled with plasma which can 
propagate very high frequencies. There is a possibil- 
ity of effectively exciting plasma oscillations in semi- 
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conductor plasmas (electron-hole plasmas). Fully ion- 
ized plasmas (e.g., cesium) are attracting a great deal 
of interest, since much of the theoretical work dealing 
with fully ionized plasmas may now be tested. In 
addition, these highly ionized plasmas may be of 
value in generating millimeter and submillimeter 
power. If one injects electron beams into these highly 
ionized plasmas, the absorption of the beam energy 
by the un-ionized gases is essentially nonexistent, 
while the interaction of the electron beam and the 
charged particles of the plasma is dominant. Hence, 
one has a very effective way of converting electron 
beam energy into plasma oscillation energy. Very 
high frequencies of plasma oscillations can be ob- 
tained if very dense plasmas can be obtained. Many 
processes in plasmas are nonlinear ; if these nonlineari- 
ties can be strongly emphasized it may be possible 
to effectively produce harmonics. This may be of 
importance in generating millimeter waves. It may 
also be possible to develop efficient demodulators of 
microwave energy using plasmas. The advantage of 
such a demodulator structure is that it would be 
relatively insensitive to extreme power overloads. The 
noise problem, however, may present difficulties. 


Techniques for Plasma Diagnostics 

One of the major limitations to effective experi- 
mental work in plasmas is the difficulty of measuring 
some of the fundamental properties and processes of 
the plasma. Probe techniques, microwave techniques, 
and radiometer diagnostics techniques are useful over 
only limited ranges. The interaction of electron beams 
with plasmas can be used to deduce plasma properties. 
In addition, the plasma conductivity in magnetic fields 
ean be used to study the tensor properties of plasmas. 
The development of new diagnostic techniques would 
be of considerable help in the progress of plasma 
research. 

Some of the fields mentioned are redundant, in the 
sense that progress in one area can be used in other 
related problems. Many of the research projects de- 
scribed require careful coordination of basic experi- 
mental work plus detailed theoretical analysis of the 
physics involved. The total effort being expended on 
development and research in plasma physics is con- 
siderable in the scientific world and will become 
even more important as further successful work is 
completed. 


Current Raytheon Work 

Plasma research is being conducted by Raytheon 
in a number of its divisions. In particular, the Re- 
search Division—in an intergroup effort —is con- 
structing a Plasma LASER. The plasma group in 
the Research Division is also performing Langmuir 
and Druyvesteyn probe analysis of plasmas. From 
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this latter work we expect to obtain information about 
the electron energy distribution function, the charge 
generation, and the charge transport processes in the 
plasma. In addition, we shall investigate ion cyclotron 
resonance and other processes involving the interac. 
tion of microwaves and plasmas. 

A number of key publications dealing with plasma 
physies are given in a list for general information. 
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Introduction 


Recently, Raytheon Company placed on the elec- 
tronic components market a new device called the 
RAYSISTOR. This device consists of a light source 
and a photoconducting cell housed in a small tubular 
shield; a variation in the light source drive causes a 
variation in the cell’s conductivity. The RAYSISTOR 
may be used as an electrically driven chopper, relay, 
potentiometer or rheostat. 

The circuit engineer who attempts to apply compo- 
nents containing photoconductors is likely to encounter 
many seemingly unrelated effects unless he is familiar 
with the basis for their behavior. For example, the il- 
luminated or ‘‘on’’ resistance increases with tempera- 
ture, while the dark or ‘‘off’’ resistance decreases with 
temperature. A temperature change may increase 
the ‘‘turn on’’ time, but decrease the ‘‘turn off’’ time 
or vice versa. The ‘‘turn off’’ time appears to decrease 
with an increase in the ‘‘on’’ illumination level, though 
actually the time needed to reach a given value of 
‘‘off’’ resistance is nearly independent of the previous 
illumination level. A photoconductor may exhibit a 
variety of memory effects. The nature of the contact 
materials determines whether the current varies as 
the first, second, or some other power of the applied 
voltage. The spectral sensitivity may be quite narrow 
and, in fact, photoconductivity may be inhibited by 
radiation outside this range. 


Photo-Effect Devices 


To establish properly the unique position of the re- 
cently developed photoconducting cells, it is desirable 
to review and classify some of the more common photo- 
effect devices. A starting point is to consider the class 
of phototubes based on the use of a photoemissive 
cathode. In general, for a fixed supply voltage, the 
output current of this class of phototubes is a linear 
function of the light intensity over a wide range. The 
reverse is not true; that is, with a fixed light intensity 
the output current is not a linear function of the 
supply voltage. The impedance of a high vacuum 
phototube is extremely high, but not of serious conse- 
quence in many vacuum tube circuits. Use of a gas 
filling to allow current multiplication within the 
phototube affords a much lower output impedance 
but with considerable sacrifice in speed of response. 

The secondary-emission multiplier type of phototube 
has reached a high state of development and is particu- 
larly useful in certain scientific applications, such as 
observing the light from a distant star or the scintilla- 
tion produced from the passage of a single high-energy 
particle in a suitable cell. The very high current ampli- 
fication which takes place in the multiple-cathode array 
would be difficult to achieve in conventional amplifier 
circuits without instability. Unfortunately, the total 
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supply voltage required is quite high (often severg] 
thousand volts) and limits the application to thoge 
cases where other methods are impractical. The wide 
spread use of photomultiplier tubes in scientific ip. 
strumentation, has led to the development of a wide 
variety of primary photo cathodes, each having a par. 
ticular spectral response. 

For almost a century, it has been recognized that 
selenium as well as certain metal oxide and sulphide 
compounds exhibit a light-sensitive electrical behavior, 
These materials have been used in a variety of photo. 
voltaic and photoconducting cells. Such devices haye 
been employed directly with meter movements, as in 
photographie exposure meters, and with moderate 
polarizing voltages to operate sensitive relays for the 
control of lighting and alarm systems. In general, the 
operation of these photoconducting devices does net 
depend on linear relations between the output current 
and either the light intensity or the applied voltage. 

During the last decade, the more commonly known 
semiconductor materials — such as silicon and ger. 
manium — have been utilized in photosensitive diode, 
triode, and tetrode device configurations. Typically, 
these materials require one or more polarizing or bias 
voltages to set up the operating conditions. It also is 
necessary to use rectifying or non-ohmic contacts on 
the semiconducting material, since the resistivity of 
the material itself is quite low. This is true in the dark 
condition at room temperature or above. With a sym- 
metrical arrangement of electrodes, a pair of diodes 
that will provide the same behavior for voltages of 
either polarity may be constructed on a single chip of 
semiconducting material. Unfortunately, saturation 
effects set in with only a fraction of a volt applied, and 
above this voltage the current depends only on the 
light intensity. This would not be serious if large 
swings in conductivity (ratios of 10° or more) were 
obtained with practical light sources, since a load re- 
sistor several times the value of the ‘‘on’’ resistance 
could be used to obtain an appreciable voltage across 
the load. Actually an on-off ratio of about 103 is com- 
monly attained, and therefore the saturation effects 
must always be considered. The major advantages of 
these devices are their relatively small encapsulated 
size (about 4%, of an inch in diameter) and their 
speed of response (in the microsecond range). Like 
vacuum tube photocells, their output usually requires 
amplification. They are often used in applications 
requiring a high speed decision between on and of 
conditions. 

With the coming of homing missiles and space vehi- 
cles, two other photo-effect devices — the infrared de- 
tector and the photovoltaic solar power cell — have 
received considerable attention. Infared detectors for 
military use must have a maximum sensitivity, 0 
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hat } Figure 1. Distribution of possible states, N (E), proba- 
vide | bility, f (E), and their product, N (E) + f (E), to obtain the 
ior. probability distribution of occupied states in the conduc- 
oto- tion and valence bands (intrinsic semiconductor) 


a Figure 2. Probability distribution with a donor impurity 
yer. | added (n-type semiconductor), and changing Fermi level 
nde, with temperature or illumination 

lly, 
bias 
0 is 
On 
of 
ark 
ym- 
des 
: Of } Figure 3. Probability distribution in a p-type semicon- 
0 of | ductor, and changing Fermi level with temperature and 


tion illumination 
and} . : " sa 
the signal-to-noise ratio under low incident power levels; 


rge often requiring that the detector be cooled to the 
vere | “Mperature of liquid nitrogen. Since the most im- 
re. | Portant energy source for space vehicles is solar radia- 
nee { tion, the construction of photovoltaic cells which will 
ross | ‘Hiciently convert this radiation into electrical energy 
oui has been a major goal. Refined as they may be these 
ects | levices are not suitable for electro-optical relay circuit 
a applications. 
sted | Other photoconducting cells, such as those used in 
heir { Raytheon’s RAYSISTOR, are made of cadmium sul- 
Like | Phide or cadmium selenide in a thin, sintered polycrys- 
ives | talline layer. These cells employ ohmic contacts and 
ions | behave as an almost pure resistance over any practical 
off | Signal range from microvolts to kilovolts. Their con- 
{ ductance may be controlled by the illumination level 
ehi. | °Ver @ range of more than six orders of magnitude. 
ds: Presently-available cells exhibit a response time that is 
save ¢ Short compared to that of human beings but longer 
for | than the more commonly used vacuum tube and semi- 
or | °Nductor amplifying devices. 
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Intrinsic Material 


It would perhaps be advantageous at this point to 
review some of the physical concepts related to semi- 
conductors. Let us consider an intrinsic (i.e., pure) 
semiconducting material having no defects or discon- 
tinuities within its crystal lattice. We will also assume 
that the material is not subject to external influences, 
such as elecric fields, magnetic fields, light flux, or high 
energy particles. The number of charge carriers and 
consequently the conductivity of the intrinsic material 
depends on two factors. One of these factors, the band 
gap (width of the forbidden region between possible 
electron energy levels), is a property of the material. 
The other, the temperature, is a condition imposed on 
the material. The band-gap property is illustrated in 
Figure 1, where the function N(E) indicates the dis- 
tribution of possible energy states in which electrons 
may reside. If the valence energy band is completely 
filled, that is, if there are electrons possessing all possi- 
ble energies up to the level E,, then there can be no 
conduction current produced by these electrons. This 
follows from the fact that a conduction current would 
require a systematic drift of electrons in a particular 
direction which in turn requires that the electrons 
possess additional energy above and beyond the possi- 
ble energy states. However, electrons in an unfilled 


- conduction band having an energy greater than the 


lower band edge, E,, are free to take on additional 
energy and provide conduction currents under the in- 
fluence of an electric field. In the steady state, no elec- 
trons may possess an energy within the band gap 
between E, and E,. The family of curves f(E) in 
Figure 1 relate the temperature to the probability that 
an energy state (if it exists) will be filled. Thus, with- 
in the band gap we have the seemingly peculiar situa- 
tion that while the probability of a given state being 
filled is precisely determined by the temperature there 
are no possible states. In this sense, it may be easier to 
think of the probability function, f{(E), as a weighting 
function. The product of N(E) - £(E) gives the dis- 
tribution of occupied states; the temperature depend- 
ence of this product is shown in Figure 1 by a family 
of curves. 

Mathematically, the function f(E) may be expressed 
as: 


1 


(E — Er) . 
l+e kT 


{(E) = 





where k is Boltzmann’s constant, T is the absolute tem- 
perature, and E; is the Fermi level. The Fermi level, 
which is a constant for a pure material in the absence 
of external influences, is that value of the energy E for 
which the expression f(E) is equal to one half. 

At a given temperature, the extremes of semiconduc- 
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INCREASING WAVELENGTH —= 


Figure 4. Typical response vs. wavelength 


tor behavior (either approaching the low conductivity 
of an insulator or the high conductivity of a metal), 
may be interpreted in terms of band-gap width. If one 
were working with pure or intrinsic materials, he 
would choose a material (if available) having a band 
gap which would give the desired conductivity in its 
normal operating temperature range. (A wide band- 
gap material may have the same conductivity at high 
temperatures as a narrow band-gap material at low 
temperatures, although the temperature coefficients are 
likely to be different.) One of the first considerations in 
selecting a semiconductor for photoconductor use is 
that the band gap be large enough to provide the de- 
sired ‘‘off’’ or dark resistance at the operating temper- 
ature, which is usually somewhat above room tempera- 
ture. In order for the absorption of a photon of light 
to create a free carrier and thereby increase the ma- 
terial conductivity, it must have an energy greater 
than or equal to the band gap; or: 


hv => E. — E, : 


where h is Planck’s constant and v is the frequency 
associated with the incident photon. 

It may be considered as another example of the 
perversity of nature that a material having a band gap 
wide enough to secure high dark resistance will respond 
only to the high-energy (shorter) wavelengths of light 
toward the ultraviolet end of the spectrum. Actually 
intrinsic materials are seldom used for photoconduc- 
tors; therefore, the simple picture must be replaced by 
a more complex one. 


Extrinsic Materials 


The crystal lattice of an intrinsic material may be 
disturbed physically by a dislocation in the regular 
array or by a discontinuity such as a surface or inter- 
face, and chemically by the inclusion of a relatively 
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Figure 5. Example showing the effects of the presence 
of both donors and acceptors simultaneously 


small quantity of another material called an impurity 
or a doping agent. Such a disturbed or doped lattice 
is known as an extrinsic material. Whatever the cause, 
some of the lattice sites will have either an excess of 
electrons (loosely bound electrons — n-type semicon- 
ductor) or a lack of electrons (loosely bound holes — 
p-type semiconductor). The effect of doping with donor 
(donating an electron) and acceptor (accepting an 
electron) impurities is shown in Figures 2 and 3. If 
the energy level of these loosely bound electrons (or 
holes) is quite discrete, then it may be represented by 
some average value, Ea. The energy gap between E, 
and Eq may be quite small. Obviously, a much lower 
value of energy of the incident radiation will now suf- 
fice to liberate an electron (or hole) from the impurity 
level, Ea, and raise it to the conduction level, E, (or 
the valence level E,). In fact, the wavelength of the 
radiation may be in the infrared. A plot of response 
versus wavelength for both intrinsic and extrinsic ma- 
terials is shown in Figure 4. 

It is entirely possible to obtain a response in the in- 
frared by using a narrow band-gap intrinsic material, 
but since many carriers are available thermally there 
would be only a moderate increase in conductivity 
when the illumination is turned on. Doping with only 
one form of impurity (for example, with donors of 
electrons) would have much the same effect over 
restricted range of temperature and illumination as 
using a narrow band-gap material. However, if both 
donor and acceptor impurities are present, a sort of 
mutual ionization of donors and acceptors may take 
place without releasing any appreciable number of 
charge carriers. This effect is shown in Figure 5. A 
material doped with both types of impurities will still 
release charge carriers readily on illumination and 
hence exhibit both a high dark resistance and a low 
illuminated resistance. In the illuminated condition 
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Figure é. 3 


there is no longer a simple correspondence between the 
number of free electrons and free holes, thus it is con- 
venient to consider the existence of separate Fermi 
levels for electrons and holes. The effect of doping with 
two different materials is illustrated in Figure 6. In- 
ereasing the ‘‘X’’ doping increases the ‘‘on”’ or light 
conductivity, op, and increasing the ‘‘Y’’ doping de- 


creases the ‘‘off’’ or dark conductivity, oa. In practice, | 


these effects are sufficiently independent so that a 
highly advantageous ratio of light to dark conductivity 
may be obtained. 

Several processes associated with photoconduction are 
illustrated in Figure 7. The first (Figure 7a) is the 
absorption of a photon and the release of a charge 
carrier. This may take place at wavelengths shorter 
than the absorption edge by elevating an electron from 
the valence band directly to the conduction band. At 
longer wavelengths, absorption is still possible by the 
elevation of an electron from a donor level to the con- 
duction band or by the elevation of an electron from 
the valence band to an acceptor level, thus producing 
a free hole. In the last two cases, the charges associ- 
ated with the donor and acceptor levels are loosely 
bound and only the electron in the conduction band or 
the hole in the valence band is completely free. The 
second process (Figure 7b), called trapping, occurs 
when a charge carrier is captured and bound momen- 
tarily at the donor or acceptor level only to be released 
by thermal excitation and return to the band from 
whence it came. A third process (Figure 7c), is called 
recombination and occurs when a charge carrier or 
pair disappears from circulation permanently. The 
simplest but not always the most common case of re- 
combination is that of an electron falling back from the 
conduction band and recombining with a hole in the 
valence band. Such a transition is indicated in some 
materials by a bluish electroluminescence. More often, 
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Figure 7. Common electronic transitions 
in photoconductors 


in materials containing donor and acceptor impurities, 
the transition is between the band and an impurity 
level having a suitable mate available. There is no hard 
and fast distinction between impurity centers which 
act as sources (donors or acceptors), trapping centers, 
and recombination centers. Impurities close to the 
band edge are somewhat more likely to act as traps 
than as recombination centers; however, the role 
played may change with the carrier density and il- 
lumination level. 

The difficulty of making a valid analysis of the 
events taking place is made more evident by the fact 
that with practical photoconductors the free-carrier 
density may change by more than six orders of magni- 
tude between the illuminated and dark conditions. In 
this case, both Fermi levels and the demarcation levels 


_ between trapping and recombination vary over a con- 


siderable range. The mobility of the carriers may be 
altered by changes in scattering cross sections as the 
traps are filled or emptied. Even the term carrier 
lifetime, which seems to be almost self-explanatory, 
must be broken down into such qualifying forms as (1) 
free lifetime, (2) excited lifetime, (3) pair lifetime, 
(4) minority carrier lifetime, and (5) majority carrier 
lifetime. At this point, it seems to be more useful to 
turn to the examination of empirical results. 


Empirical Results 

Perhaps the behavior aspect of photoconductors most 
annoying to the circuit designer is the slow speed of 
response to changes in the illumination level (Figure 
8). This behavior may be explained in terms of trap- 
ping effects. As the illumination level is increased, 
additional traps are filled, and as the illumination 
level is decreased, the traps gradually empty under 
thermal excitation. The effect is somewhat like the 
charging and discharging of a capacitor except that 
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Figure 8. Photocell response time 


the value of the capacitance is not fixed and the charg- 
ing and discharging resistances are not equal. An 
increase in the temperature will speed up the process 
of emptying the traps, but does not increase the filling 
time to any marked degree. Increasing the tempera- 
ture thus increases the speed of response (Figure 9). In 
chopper applications where the modulation efficiency 
is frequently limited by the speed of response, an in- 
crease in temperature may result in considerably more 
output. Unfortunately, present-day materials do not 
allow a sufficient increase in temperature to increase 
the speed of response by more than a factor of two or 
three over the room temperature value. As higher and 
higher illumination levels are used, the relative influ- 
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ence of the traps decreases since the majority of the 
charge carriers will have to recombine directly and 
only the remaining ‘‘tail end’’ will be released from 
the traps (Figure 10). Thus a greater percentage 
change in resistance may be obtained in a short time 
interval following ‘‘turn off’’ if higher levels of ij. 
lumination are used, but this has no effect on the time 
taken to reach some higher value of resistance. It has 
been suggested that an infrared source be used to pro- 
mote the rapid emptying of the traps. To do this, it 
would be necessary to devise a fast-acting lamp which 
gives visible light when ‘‘on’’ and an intense infrared 
light in ‘‘stand by.”’ 

The curve of Figure 11 shows the resistance of a 
photoconducting cell versus the lamp current. (II- 
lumination from a neon lamp is roughly proportional 
to the current over a considerable range.) A satura- 
tion effect is indicated which may be attributed either 
to the limited availability of suitable donors and ac- 
ceptors, or to an increase in scattering cross sections or 
other carrier density effects. A more important rela- 
tion for the circuit designer is the excellent linearity 
displayed in the curves relating the voltage to current 
at a given illumination level (Figure 12). The com- 
bination of ohmic, non-rectifying contacts on a poly- 
erystalline material results in almost purely ohmic 
behavior, with no measurable photovoltaic output even 
with non-uniform illumination of the cells’ surface. In 
general, cadmium sulphide and cadmium selenide be- 
have as n-type or donor materials and require a ma- 
terial of lower work function for ohmic contacts. 
Indium and gallium both satisfy the requirements but 
since gallium melts at about room temperature, indium 
is commonly used. Indium melts at 155°C and prob- 
ably will diffuse slowly into the cell at temperatures 
above 100°C, therefore it is common practice to limit 
operation to ambient temperatures below 75°C. 


Cell Geometry 


If the specific cell characteristics required in a 
certain application are not available, one should ex- 
amine the possible effects of geometrical factors before 
starting on a quest for new materials Not only is 
this true from an economic standpoint, but also from 
the certainty of outcome. Although it is natural to 
expect that the conductivity will vary with cell 
geometry, it is quite surprising to find that the 
geometry also may indirectly affect the ‘‘on-off’’ ratio 
and the speed of response. The cardinal principle in 
cell design is to avoid any poorly illuminated areas on 
the active portion of the cell, since such areas cannot 
contribute to ‘‘on’’ conductance but must contribute 
to the lowering of the ‘‘off’’ resistance. For example, 
if the active material were made so thick that most 
of the light were absorbed near the outer surface, little 
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Figure 9. Increase in modulator output with temperature 
results from an increase in the speed of response with 


temperature 


contribution would be made to the ‘‘on’’ conductivity 
by the deeper layers, yet their ‘‘off’’ conductance 
would reduce the ‘‘on-off’’ ratio. Of course, if the 
layer is too thin, only a small fraction of the light will 
be used to release carriers. For a specific material of 
given thickness and illumination level the conductivity 
per unit square of surface is a constant. This suggests 
that any desired conductivity can be achieved irrespec- 


tive of area limitations as long as the right number of - 


squares is provided. The most common method of 
achieving a high conductivity is to deposit by use of 
suitable masks an inter-digitalized form of electrodes 
as shown in Figure 13. 

Whenever maximum conductance is required, the 
concept of cell gain becomes important. Gain is de- 
fined here as the ratio of the number of charge carriers 
passing between the electrodes to the number of charge 


earriers released by photon absorption. The gain may - 


be expressed as: 


G=t , 
where t is the carrier lifetime and 4 is the transit time. 
It must be understood that in referring to the charge 
carrier as though it were a single identifiable unit, we 
are in reality describing an average behavior of partic- 
ipants in a relay race. 

In order to understand how the gain may be related 
to the geometry, the transit time is expressed as: 
L2 

§= pV ? 
where L is the separation between electrodes, » is the 
mobility of the carrier, and V is the applied voltage. 
If » is considered to be a constant, then a reduction in 
Lor an increase in V will reduce the transit time. Sub- 
stitution of the value of 6 into the expression for the 
gain yields: 
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Hence the spacing, L, of the device geometry controls 
the gain, at least within the limits set by the maximum 
value of the ratio V/L that may be used before field 
or avalanche effects set in. If the maximum voltage to 
be applied is well known, then it may be possible to 
achieve the desired gain with a material having a 
shorter carrier lifetime by reducing L to the safe 
minimum value. The use of a material with a shorter 
earrier lifetime would result in a higher speed of re- 
sponse, at least in the absence of trapping effects. It is 
often said that photoconducting materials exhibit a 
gain-bandwidth product; that is, as the gain is in- 
creased by increasing the carrier lifetime the response 
time is increased or the bandwidth decreased. This has 
been observed empirically, but since the decay time is 
more closely associated with the average time a carrier 
spends in a trap than with the free carrier lifetime, it 
may be more of a coincidence than a fundamental 
limitation. 

When the electrode spacing has been chosen, then the 


‘‘on’’ conductance may be determined by: 


R1=(C,A® , 
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where R~! is the ‘‘on’’ conductance, C, is a constant, 
A is the cell area, and @ is the luminous flux density. 
If all the light produced by the lamp is concentrated on 
the cell (a somewhat idealized situation), then the 
power input to the cell produces a luminous flux 
density over the cell area given by: 


W=C,A® ’ 


where A and ® have the same numerical values as in 
the previous formula. Hence, the required power, W, is 
related to the desired conductance by the ratio of two 
constants. As long as the product remains constant, A 
and ® may be juggled freely. Reducing A and increas- 
ing ® results in a better ‘‘on-off’’ ratio, but increasing 
A and reducing ® improves the power dissipating 
ability. Extrapolation from present lamps and cells 
indicates that a photoconducting switch having only a 
few milliohms of contact or ‘‘on’’ resistance, occupy- 
ing less than one cubic inch, and controlling several 
hundred watts is within the present state of the art. 


Summary 


Lamp-actuated photoconducting cells such as Ray- 
theon’s RAYSISTOR offer the circuit engineer a 
means of controlling AC or DC currents through a 
variation of purely ohmic resistance. The control is 
accomplished with complete galvanic or ionic isolation, 
and shielding of the cell from the fields induced by 
changing currents in the lamp is simple and effective. 
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Some characteristics may be tailored by simple changes 
in cell geometry. As with most semiconductors, the 
effects of temperature should always be considered. 
The most serious limitation is the moderate speed of re- 
sponse, although even this is an advantage in some 
switching circuits where it is desirable to avoid tran- 
sient over-shoot. Solid-state theory provides some in- 
sight into the cell behavior and may suggest methods 
of attack in cell improvement, but actual cells are a 
potpourri made under cook book conditions. Research 
on materials and techniques, directed toward improv- 
ing the speed of response, is needed to develop the 
ultimate potential of these devices. 
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Figure 13. Typical photoconducting cell with interdigi- 
talized electrode structure 
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W. A. JANOS, “On Estimating the Solution to a 
Class of Multipath Problems,” presented at the Joint 
Meeting of the URSI-IRE, Boulder Laboratories, 
Boulder, Colo., December 12-14, 1960. 


The multipath problem may be considered as one 
in estimating the solution to a class of differential 
equations with random coefficients. The random- 
ness in the dispersive effects of the transmitting 
medium is expressed in the coefficients which are 
assumed multivariate Gaussian. If in the differen- 
tial equation these coefficients are replaced by a set 
of deterministic ones, the solution to the consequent 
equation expresses an estimate of the true stochastic 
solution. An integral equation is derivable for the 
error between this estimate and true solution. On 
the basis of bounding the deterministic coefficients, 
which serve as estimating parameters, in a func- 
tional sense, an upper bound on the rms error is 
then derivable. It is shown that these bounds are 
dependent only on the singular solution (Green’s 
function) of the deterministic problem and the cor- 
relation functions of the random coefficients. It is 
further shown that the rms error bound is mini- 
mized if the deterministic coefficients are the means 
of the random onés, 


S. P. WOLSKY, E. J. ZDANUK, “Sputtering of 
Silicon with A+? Ions,” published in the Physical 
Review, Vol. 121, No. 2, 374-375, January 15, 1961. 
A gravimetric technique involving a sensitive 
quartz microbalance was used for the determination 
of sputtering yields for the argon ion-bombardment 
of silicon. The sputtering yield for At? ions was 
deduced from the results of experiments in which 
the relative concentrations of A+ and A*? ions 
were varied in a known manner. On the assumption 
that sputtering is a kinetic-energy-controlled phe- 
nomenon, we would expect S,(A+?) = Ses(At), 
where S is the number of atoms sputtered by an 
impinging ion of energy E. This investigation 
showed, however, that S,(At?) ~ 4Sen(A+). This 
indicates the influence in the sputtering process of 
some other factor in addition to the ion kinetic 
energy. 


G. H. ALLEN, “Reliability Requirements for B-58 
Bombing-Navigation Subsystem,” presented at the 
IRE 1961 Winter Convention on Military Electronics, 
Los Angeles, Calif., February 1-3, 1961. 


Bes 

the J. F. PERKINS, JR., “Improved AGC Performance 
ed for Transistor IF Amplifiers Using a Caseode Con- 
7 figuration,” presented at the AIEE Winter General 
re- Meeting, New York, N.Y., January 29-February 3, 

me 1961. 
an- The advantages of the cascode type circuit con- 
in- figuration for transistor IF amplifiers having a wide 
range of AGC are presented. A study of the causes 
, of center frequency shift and changes in Q of the 
ea IF amplifier stage is made. The variations in circuit 
rch parameters with bias conditions are investigated, 
and their effects upon the overall circuit performance 
ov- are evaluated. The advantages of the cascode type 
the cireuit configuration are developed, and a suggested 


circuit is presented. 

A 10 Me/sec IF amplifier stage using the sug- 
gested cascode configuration is constructed, and test 
results are presented.. The work is expanded and a 
complete 10 Me IF amplifier having 91 db of gain 
with 40 db of AGC and a bandwidth of 1.25 Mc is 
DES constructed. Test results are shown which indicate 
a change in bandwidth of less than 4 per cent over 
a 40 db range of AGC with no apparent shift in 
center frequency indicated. 

The tuning on the experimental IF amplifier was 
changed to 30 Me/sec center frequency with similar 
results over the AGC range. 

The noise figure of the IF amplifier is given 
E (working into an optimum source impedance) and 
the effect of the AGC action upon the IF amplifier 
noise figure is presented. The schematic diagram of 
the complete IF amplifier is shown, along with the 
test results obtained, and an effort is made to show 
the effectiveness and versatility of the cascode cir- 
cuit configuration. 


igi- 





Two subsystems for the overall B-58 Bombing- 
Navigation System have been designed and manu- 
factured by Raytheon. The B-58 Bombing-Naviga- 
tion System is a Doppler-stellar-inertial system 
which provides highly accurate guidance of B-58 
supersonic aircraft to targets and automatic bomb- 
ing capability. This system contains many redun- 
dant and alternate modes in order to achieve high 
probability of successful mission completion. 


Each of the Raytheon subsystems is a basic 
series configuration whose reliability can be com- 
puted from the standard product rule expression. 
Quantitative reliability requirements which have 
been developed for each configuration contain the 
following conditions: 


a) the requirements are for the total configura- 
tion. No numbers are expressed for major units 
within the configuration. 
b) the requirements express the probability of 
success from B-58 take-off or wheels-up to bomb 
release. 
c) the requirements apply to a physical ensem- 
ble of like configuration. 
d) the requiremenfs are random survival proba- 
bilities. 
e) the requirements consider failure effects by 
stating a probability within specification opera- 
tion and a probability of no lethal failure. 
f) the requirements express the capability of the 
configuration as delivered to the customer. 
The statistical and engineering considerations which 
result from these general conditions are considered 
in this paper. 
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RAYTHEON |. 
J/RAYSISTOR 


jf a new basic circuit component 


REPLACES RELAYS, 

The Raytheon Raysistor* can turn signals on and off with 
SWITCHES virtual isolation from switching transients and carriers. The 
AND POTENTIOMETERS control circuit of the Raysistor* consists of a light source 
which when excited lowers the resistance of a semiconductor 
FOR LOW-NOISE device in the signal circuit allowing an AC or DC signal to 
COMMUT ATING pass. This new Raytheon development provides design engi- 
: neers with the advantages of high signal-to-noise ratio, wide 
SWITCHING, dynamic range, isolation between signal and control circuits, 

and long life. 
AND For technical information, please write to: Raytheon, Indus- 
CONTROLLING CIRCUITS trial Components Division, 55 Chapel St., Newton 58, Mass. 


*TRADEMARK 
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